Novel bifunctional ureas and thioureas inmovilized on sulfonylpystyrene have been prepared as recoverable and reusable organocatalysts and used in the stereoselective aza-Henry reaction under solvent-free conditions. The activity and stereoselection of the catalysts are dependent on the length of the tether bringing the active site and the polymer, being the catalyst derived from 1,6-hexane diamine the best one. It has been also demonstrated that the supported catalysts are more effective than the homologous soluble catalysts.
Introduction
The aza-Henry reaction constitutes an important C-C forming process, which can result in the formation of two contiguous stereocenters containing nitrogen substituents. The resulting nitroamines are valuable chiral building blocks that are easily converted in 1,2-diamines 
Results and discussion
Starting ethylene diamine and 1,6-hexane diamine derivatives with different substituents at the nitrogen atoms were prepared, in two steps and good yields, from Boc-glycine and N-Boc amino hexanoic acid, 30 respectively, as summarized in Scheme 1. Reaction of N-Boc protected amino acids with dibenzylamine or benzyl methylamine lead to amides 1-3, which were transformed into N-methyl amines 4-6 by reduction with lithium aluminum hydride in THF at reflux.
Supported catalysts 19-24 were prepared as summarized in Scheme 2. The reaction of a mixture of N-Boc-L-valine and DCC with diamines 4-6 or the commercially available 1,6-N,N´-dimethyl hexane diamine in DCM lead to N-Boc-L-valinamides 7-9 and 10, respectively. These were transformed into triamines 11-14 by sequential quimioselective reduction of the amide function with LAH in THF at 0 o C, followed by hydrogenolysis of the benzyl groups in the presence of palladium on carbon or
Perlman´s catalyst.
The covalent immobilization onto the polystyrene resin was done by reacting triamines 11-14 with chlorosulfonyl polystyrene and triethylamine in DCM at rt for 4 days leading to supported materials that were transformed into 15-18 by deprotection with trifluoroacetic acid in DCM for 6 h at rt, in good yields. Finally, 15 and 16, which differ in the substitution pattern on the nitrogen of the sulfonamide, were transformed into thioureas 19 and 21 by condensation with 3,5-bis(trifluromethyl) isothiocyanate, whereas ureas 20 and 21 were also obtained from the same supported amines by reaction with 3,5-bis(trifluromethyl) isocyanate. In the same way, thioureas 23 and 24 result in the reaction of 17 and 18, respectively, with the corresponding isothiocyanate. For comparative purposes, we also prepared the tosyl thiourea 26, unsupported homologous of 24, from triamine 14 by tosylation to 25 followed by deprotection and condensation with 3,5-bis(trifluromethyl) isothiocyanate. 
Scheme 2. Reagents and conditions: (i)
DCC
31
For comparison of the activity of the different catalysts, and optimization of the reaction conditions, we studied the reaction of N-Boc-benzaldimine 29a with nitromethane, and the results are collected in Table 1 . Initially, we test the influence of the solvent in the reaction catalyzed by 5 mol% of thiourea 24 at rt (entries 1-4 in Table 1 ), observing that the reaction rate decreased when increasing the polarity of the solvent, but both the yield and the enantioselectivity increased. Fortunately, searching for greener conditions, 24 (10 mol%) was able to catalyze the reaction under solvent-free conditions, leading to the addition product 30a with excellent yield (95%) and enantioselectivity (98/2 er) after only 3 h of reaction (entry 5).
These results are comparable with those obtained in homogeneous reaction conditions by employing urea 27 and thiourea 28 32 as soluble catalysts, although in these cases the time decreased to 1h and 8h for the reactions without solvent or in DCM, respectively (entries 6-8 in Table 1 ). The catalytic activity of the supported ureas and thioureas derived from 1,2-ethylene diamine (19) (20) (21) (22) Enantiomeric ratio determined by HPLC analysis using a chiral column, and absolute configuration was determined by comparison of the HPLC retention time with that of literature data.
Otherwise a comparison of the results obtained with the supported catalysts derived from ethylene diamine (19) (20) (21) (22) and 1,6-hexane diamine (23, 24) showed that both the yields and enantioselectivities increased with the size of the length of the tether connecting the catalytic structure and the polymer. The effect of the amount of catalyst in the reaction was examined by using supported thioureas 23 and 24, and the results shown that the catalysts loading could be reduced to 2 mol% without affecting the enantioselectivity for 23 and slightly decreasing for 24, but in both cases, at expenses of decreasing the yields, and increasing the reaction time (compare entries 13-15 and 5, 16-17 in Table 1 ). It is interesting to note that supported thiourea 24 provided better yield and enantioselectivity than the soluble tosyl thiourea 26 with the same functionality (compare entries 16 and 20).
In order to increase the enantioselection, the effect of the temperature was also studied, but not improvement in the er was observed when the reactions were carried out at 0 o C or -18 o C (entries 18, and 19).
After the optimization studies, we decide that the best reaction conditions consisted in using 5 mol% of supported catalysts 23 or 24, without solvent and performing the reactions at rt. Under these conditions, we tested the generality of the reaction of nitromethane with different N-Boc aldimines 29a-k, which differ in the electronic nature of the aryl group (Scheme 3 and Table 2 ).
From the data collected in Table 2 it was observed that, as a general trend, catalyst 24 was better than 23, yielding the addition products in higher yields and enantioselectivities except for imines 29b and 29f with substituents with strong withdrawing effect, or imine 29j derived from 1-naphtaldehyde.
Scheme 3.
Enantioselective aza-Henry reaction with different aldimines. Enantiomeric ratio determined by HPLC analysis using a chiral column and absolute configuration was determined by comparison of the HPLC retention time with that of literature data. d Reaction performed with 3 mmol of imine.
e Reaction performed with 6 mmol of imine. f Numbers in parenthesis indicated the er after recrystallization in hexane-EtOAc, and 100:0 means that only one enantiomer was detected in the HPLC trace.
g Only 2 mol% of catalyst was used.
Otherwise, the reactions occurred in high yields (67-96%) and enantioselection (88:12 to 98:2 er) independently of the donating or withdrawing character of the substituent at the aromatic ring, including aldimine 29k with a heteroaromatic substituent.
On the light of these results, we decide to scale-up the reaction (entries 21-23 in Table   2 ). Both catalysts 23 and 24 were able to promote the reaction of 0.567 g (3 mmol) of benzaldimine 29a with nitrometane yielding the addition product in excellent yield and 95:5 or 96:4 er, respectively. A single recrystallization leaded nitroamine 30a enantiomerically pure (entries 21, 22 in Table 2 ). Similar results were obtained increasing the amount of aldimine 29a to 6 mmol, and using only 2 mol% of catalyst 24, although at expenses to increase the reaction time to 16 h. (entry 23 in Table 2 ).
The generality of the reaction was extended to different nitroalkanes searching for stereoselective aza-Henry reaction. To this end, N-Boc imines derived from benzaldehyde (29a) and 4-chlorobenzaldehyde (29c) were reacted with different nitroalkanes (31a-e) in the presence of 5 mol% of catalysts 23 and 24 (Scheme 4), and the results are summarized in Table 3 .
Scheme 4. Diastereo-and enantioselective aza-Henry reaction.
The reaction of imines with nitroalkanes 31a-d yielded the known anti-addition products as major diastereoisomers with stereoselectivities that are dependent on the nature of the nitroalkane. Thus, nitroethane (31a) or nitropropane (31b) provided the addition products with good diastereoselectivity and very good enantioselectivity (entries 1-3 in Table 4 ), but phenyl nitromethane (31d) leaded to 32ad in good enantioselection slightly improved when the reaction was carried out at 0 o C. In these conditions N-Boc-4-chloro benzaldimine (29c) yielded 32cd 17b with excellent diastereoselection but poor enantioselection when reacted with phenyl nitromethane (entry 7 in Table 4 ). In an attempt to prepare 2-nitro-3-aminopropanol derivatives, we reacted 2-nitroethanol (31e) with imine 29a, but the ethanol derivative behaved as nucleophile by the hydroxyl group leading to the N,O-acetal 33 in excellent yield as a racemic mixture (entry 8 in Table 3 ). The use of the protected nitroalcohol 31c as a nucleophile allowed the isolation of the aza-Henry product 32ac in good yield, although with poor diastereoselectivity and moderate enantioselectivity (entry 4 in Table 3 ). Finally, the recyclability of the supported catalysts was tested for 23 and 24 in the reaction of N-Boc benzaldimine with nitromethane at rt under solvent-free conditions, and 5 mol% of catalysts. The reaction time (6 h) was maintained constant in each cycle, the catalyst used was recovered by filtration, washed, and used in the next cycle. Supported catalyst 23 was used three times affording aza-Henry product 30a without loss of activity and enantiocontrol (entries 1-3 in Table 4 ). Catalyst 24 was recycled five times, maintaining the enantioselection, but it means that the activity slightly decreased for the fifth cycle, although the IR spectrum and analytical data of the recovered material did not show any difference with the starting catalyst. 
Conclusions
In summary, we have prepared novel supported bifunctional ureas and thioureas on a matrix of sulfonylpolystyrene in few steps from cheap and commercially accessible materials. These materials have been employed as stereoselective organocatalysts in the aza-Henry reaction, under solvent free conditions, leading to the addition products with moderate diastereoselectivity and excellent enantioselectitity. The activity and enantioselection of the catalysts is dependent on the length of the tether connecting the urea or thiourea functionality with the polymer, and the best results were obtained for catalyst 24, derived from 1,6-hexane diamine. Catalysts 23 and 24 can be recycled for three or five times, respectively, without loss of enantioselection and slight decrease in the activity. ESI mass spectra were obtained on a Agilent 5973 inert GC/MS system.
Experimental part

General
Commercially available organic and inorganic compounds were used without further purification. Solvents were dried and stored over microwave-activated 4 Å molecular sieves.
General procedure to enantioselective Aza-Henry reaction using immobilized catalysts. To a mixture of Boc-imine 29 (0.3 mmol) and catalyst (0.015 mmol, 0.05 eq), nitromethane (0.1 mL, 1.8 mmol, 6 equiv) was added and the reaction mixture was stirred at rt in a wheaton vial until consumption of the starting material. The catalyst was filtered off and washed with CH 2 Cl 2 (3 x 1 mL). After solvent removal under reduced pressure, the crude mixture was purified by flash column chromatography to afford the corresponding product. The enantiomeric excess was determined by chiral-phase HPLC analysis using mixtures of hexane/isopropanol as eluent.
General procedure to enantioselective Aza-Henry reaction using homogeneous catalysts. To a mixture of Boc-imine 29a (62 mg, 0.3 mmol) and catalyst 26 (10 mg, 0.015 mmol, 0.05 eq), nitromethane (0.1 mL, 1.8 mmol, 6 equiv) was added and the reaction mixture was stirred at rt in a wheaton vial until consumption of the starting material. After solvent removal under reduced pressure, the crude mixture was purified by flash column chromatography to afford the corresponding product. The enantiomeric excess was determined by chiral-phase HPLC analysis using mixtures of hexane/isopropanol as eluent.
Recyclability of the supported thiourea catalysts in aza-Henry reaction. At the end of the aza-Henry reaction between Boc-imine 29a and nitromethane, the catalysts were filtered and washed with CH 2 Cl 2 . After being dried under vacuum, the supported catalysts were reused directly without further purification.
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Obtained according to the general procedure, using N-Boc-imine 29i (77 mg, 0.3 mmol), nitromethane (0.1 mL, 1.8 mmol) and thiourea 24 (15 mg, 0.015 mmol 3390, 2978, 2924, 2849, 1684, 1545, 1521, 1456, 1367, 1288, 1253, 1010, 891, 856, 792, 757, 742, 697, 588 
